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ABSTRACT 
The chemical a n a l y s i s  of su r f aces  using alpha p a r t i c l e  
i n t e r a c t i o n s  has  been inves t iga t ed .  Simple instruments  
i nco rpora t ing  Cm 242 alpha sources and semiconductor s i l i c o n  
d e t e c t o r s  a r e  descr ibed.  The c h a r a c t e r i s t i c  energy spec t r a  of 
a lpha p a r t i c l e s  s c a t t e r e d  a t  l a rge  angles  from t h i c k  t a r g e t s  of 
d i f f e r e n t  elements have been de termined .  The r e l a t i v e  i n t e n s i t i e s  
of s c a t t e r i n g  by d i f f e r e n t  elements have been e s t a b l i s h e d .  They 
show l a r g e  enhancement over Rutherford s c a t t e r i n g  f o r  e lements  
l i g h t e r  than  sodium due t o  nuclear  e f f e c t s .  The production of  
pro tons  from (a ,p )  r eac t ions  i n  c e r t a i n  elements i n c r e a s e s  t h e  
s e n s i t i v i t y  of t h e  method f o r  t hese  elements.  The t h e o r e t i c a l  
basis f o r  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of s c a t t e r i n g  s p e c t r a  
from complex materials i s  developed. The technique appears to 
be s u i t a b l e  f o r  instrumented space missions.  
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INTRODUCTION 
The usefu lness  of a lpha p a r t i c l e s  f o r  the  chemical a n a l y s i s  
of sur faces ,  o r i g i n a l l y  suggested t o  one of the au thors  by Professor  
S. K. A l l i son  of  The Enrico Fermi I n s t i t u t e  f o r  Nuclear S tudies ,  
w a s  explored i n  a pre l iminary  repor t  by Anthony Turkevich (Anthony 
Turkevich, 1961). I n  t h i s  a r t i c l e  experimental  data were presented 
showing tha t  t h e  energy spec t r a  of backward s c a t t e r e d  alpha 
p a r t i c l e s  were c h a r a c t e r i s t i c  of the  elements present  i n  the  
s c a t t e r i n g  material. It w a s  suggested that ,  based on these ideas, 
a rugged and compact a n a l y t i c a l  instrument could be designed us ing  
a lpha  r a d i o a c t i v e  nuc l ides  as  sources and semiconductor d e t e c t o r s ,  
t o g e t h e r  w i t h  t r a n s i s t o r i z e d  pulse  he ight  ana lyzers ,as  energy 
s e n s i t i v e  d e t e c t o r s .  Such an instrument might be s u i t a b l e  f o r  
ob ta in ing  t h e  gross  chemical composition o f  a su r face  under 
condi t ions  such as are being considered f o r  instrumented luna r  
missions.  There has  been independent (Eskind and Mark, 1962) 
confirmation of some of these c h a r a c t e r i s t i c s  of alpha p a r t i c l e  
s c a t t e r i n g .  
. 
- 
Since the submission of the f irst  r e p o r t ,  a d d i t i o n a l  work 
has been done on the  p o t e n t i a l i t i e s  of t h i s  technique.  The s p e c t r a  
from a l a r g e  number of elements have been obtained.  The 
s e n s i t i v i t i e s  f o r  d i f f e r e n t  elements have been determined. The 
matr ix  dependence has been s tud ied .  F ina l ly ,  the  use fu lness  of 
(a ,p)  r e a c t i o n s  t o  i n c r e a s e  t h e  s e n s i t i v i t y  f o r  c e r t a i n  elements 
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has been e s t ab l i shed .  A s ta r t  has been made on t h e  development 
of  c a l c u l a t i o n a l  techniques needed to ob ta in  q u a n t i t a t i v e  resul ts  
from complex mixtures.  
A breadboard instrument incorpora t ing  these ideas and 
having c lose  t o  poss ib l e  f l i gh t  geometries has been constructed and 
has operated success fu l ly  f o r  about a year .  This communication 
p r e s e n t s  data obtained i n  t h e  fundamental s t u d i e s  on t h e  method, , 
desc r ibes  the breadboard instrument,  and p resen t s  some of  the  
r e s u l t s  obtained w i t h  i t  during the per iod 1960-1962. 
11. DESCRIPTION OF THE APPARATUS 
The genera l  experimental  arrangement has a l r eady  been 
descr ibed  (Anthony Turkevich, 1961).  It c o n s i s t s  of a source o f  
a lpha  p a r t i c l e s  col l imated so  that  a beam s t r ikes  the su r face  t o  
be analyzed. One o r  more semiconductor de t ec to r s  a r e  placed c lose  
to the  source s o  as to d e t e c t  backward s c a t t e r e d  alpha p a r t i c l e s .  
Protons can be de t ec t ed  by similar de t ec to r s  operated i n  such a 
way t h a t  the  s e n s i t i v e  depth i n  t he  s i l i c o n  i s  s u i t a b l e  f o r  the 
longer  range of these p a r t i c l e s .  Also, appropr i a t e ly  t h i n  
absorbers  i n  f r o n t  of these proton de tec to r s  remove alpha 
p a r t i c l e s  without s i g n i f i c a n t l y  reducing the  i n t e n s i t y  o f  the  
pro tons .  
- .  
8 
The important parameters i n  ar, experimental  arrangement 
of t h i s  type are: 
1) t h e  source s t r eng th  used 
2) t h e  f r a c t i o n  of t h e  source u t i l i z e d  as determined 
by t h e  col l imat ion 
3) the  d e t e c t o r  area employed 
4)  
5) t h e  mean scattering angie 
the  s c a t t e r e r  to de tec to r  d i s t ances  
These f i v e  parameters determine the l e v e l  o f  response from a 
given sample. 
The data presented i n  t h i s  r epor t  were obtained p r i m a r i l y  
w i t h  three d i f f e r e n t  systems, a l l  designed to examine prepared 
samples. The f i r s t  w a s  a research  apparatus  constructed i n  
d u p l i c a t e .  One of the u n i t s  was used a t  t h e  Argonne Nat ional  
Laboratory; t h e  o t h e r  a t  The Enrico Fermi I n s t i t u t e .  
one d e t e c t o r  pos i t i on ,  but t h i s  could be made t o  be e i t h e r  an alpha 
or a pro ton  d e t e c t o r .  
It had only 
The second apparatus  was t he  I I  breadboard" ins t rument .  It 
w a s  designed to demonstrate t h a t  a n  instrument w i t h  c lo se  t o  the 
( then)  f l i g h t  requirements could be cons t ruc ted .  
.(Jetector and fou r  proton de tec to r s ,  and provis ion  for four  a lpha 
sources .  
It had one alpha 
A t h i r d  system, c a l l e d  the "prototype",  had t h e  same 
number of  Bource and d e t e c t o r  u n i t s  as the breadboard, but s h o r t e r  
4 
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s c a t t e r i n g  d i s t a n c e s .  This unit was not developed f u l l y  
because changes i n  f l i g h t  requirements occurred. Some data 
from t h i s  instrument ,  p a r t i c u l a r l y  as regards proton response,  
are included i n  t h i s  r e p o r t .  
. 
m e  significant parameters 9f these three instPLmer,ts 
are  summarized i n  Table  I. Fig .  1 gives  some cons t ruc t ion  
de ta i l s  of the r e sea rch  apparatus;  Fig.  2 has similar de ta i l s  
f o r  t he  breadboard ins t rument .  A l l  inst ruments  were operated 
i n  vacuum w i t h  a s p e c i a l  a i r  lock f o r  in t roducing  samples. 
The sources  used i n  t h i s  work were Cm 242 ( tQ=163d, 
241 T =6.11 Mev). 
by p u r i f i c a t i o n  and t h e n  e l ec t rodepos i t i on  on t o  platinum 
d i s c s .  Recent sources have been prepared by evaporat ion on t o  
s t a i n l e s s  s teel .  The plat inum d i s c s  were i n s e r t e d  i n t o  source 
holders  tha t  provided t h e  col l imat ion needed. When f i r s t  
prepared, t h e  sources  were very monoenergetic. Except i n  t h e  
case of the  s t ronges t  sources ,  the  f u l l  width a t  half  maximum 
was less than  two pe rcen t .  With time, due t o  decay, the  
They were prepared from neutron irradiated Am 
U 
sources  accumulated inc reas ing  amounts of Pu 238 (t*=8g yr . ,  
T =5.49 Mev). 
o r i g i n a l l y  present ,  became r e l a t i v e l y  more important .  
Also, any Cm244 (tQ=17.6 v., TU =5.8 MeV)  a 
The d e t e c t o r s  used i n  t h i s  work were su r face  barrier 
type s i l i c o n  d e t e c t o r s .  They were obtained e i t h e r  from ORTEC 
FIGURE 1 
Research Apparatus used a t  t he  Argonne Nat ional  Laboratory 
and The Enrico Fermi I n s t i t u t e  f o r  Nuclear S tud ie s  of The 
Un ive r s i ty  o f  Chicago t o  study a lpha  p a r t i c l e  s c a t t e r i n g .  
Two perpendicular  s e c t i o n s  are shown. 
D = Detec tor  housing 
S = Source housing 
Q = Sample p o s i t i o n  
W = Vacuum box 
V =Vacuum lock  f o r  in t roducing  samples 
A = Adjus t ib l e  arm t o  c o n t r o l  sample t o  






Construct ion Details o f  "Breadboard" Instrument f o r  Chemical 
Analysis us ing  Alpha P a r t i c l e  I n t e r a c t i o n s :  
1. 
2 .  




7 .  




Source Holder Assembly 
Source Pos i t i on  
VYNS F i l m  for conta in ing  r e c o i l s  
from source.  
Source Collimator 
Alpha Detector  
Proton Detector  
Proton Absorber 
Instrument Case 
Sample Pos i t i on  
The breadboard instrument,  inc luding  case  and t r a n s i s t o r i z e d  




Parameters of Instruments Used t o  Study Chemical 
Analysis by Means of Alpha P a r t i c l e  S c a t t e r i n g  
L. Research Breadboard Prototype 
Apparatus I n s t r u m e n t  Instrument 
Sources:  Number 1 4 4 
Tota l  Strength,  max (mc)* 8 .o 5.0 0.64 
Approximate Frac t ion  U t i l i z e d  0.012 0.030 0.025 
Distance t o  Sample (cm) 4.13 3.47 1.55 
Area of Sample Examined (cm') 8.0 16.0 6.4 
Alpha Detectors :  Number 1 1 1 
0.49 1.0 0.25 
2 Active Area (cm ) 
Centra l  Distance from Sample(cm) 4.13 3.05 1.45 
Mean S c a t t e r i n g  Angle 160 O 160" 160 O 
Proton Detectors :  Number 1** 4 4 
0.49** 4.0 4 .3  
Cent ra l  Distance from Sample (cm)4.13** 3.7 1.8 
Mean Angle for ( a , p )  Protons 160°** 150" 1250 
2 Tota l  Active Area (cm ) 
* This lists t h e  maximum source s t r e n g t h  used. Sometimes not 
a l l  t h e  sources  were ava i l ab le ,  and with time, t h e r e  was 
s i g n i f i c a n t  decay o f  t h e  Cm 242 . 
** The Alpha d e t e c t o r  was replaced by a Proton d e t e c t o r  i n  t h e  




a t  Oak Ridge, Tennessee,  or f r o m  t h e  Chicago Laborator ies  f o r  
Applied Science.  
were chosen to g ive  dep le t ion  l aye r s  appropr ia te  f o r  t h e  
d e t e c t i o n  of alpha p a r t i c l e s  (-50 microns) or protons  (200-300 
microns) .  






The e l e c t r o n i c s  consis ted,  f i r s t l y ,  of t r a n s i s t o r i z e d  
charge s e n s i t i v e  a m p l i f i e r s  (except i n  the  case of the  Argonne 
I National  Laboratory Research Instrument) .  These ampl i f i e r s  
were i n s i d e  the  vacuum system i n  t h e  case o f  the  breadboard and 
pro to type  instruments .  I n  the research  instrument a t  the  
Argonne National Laboratory, a tube type vo l t age  s e n s i t i v e  
p reampl i f i e r  w a s  used. The output of the a m p l i f i e r s  w a s  fed, 
through an a d d i t i o n a l  ampl i f i e r ,  i n t o  a Nuclear Data pu l se  
he ight  ana lyzer .  The s t a b i l i t y  of t h e  de t ec t ion  system w a s  
checked f r equen t ly  w i t h  monochromatic sources .  During t h e  long 
times needed i n  much of t h i s  work, t h e  s t a b i l i t y  w a s  monitored 
by t h e  small amounts of contamination present  i n  the  instrument .  
Changes i n  ampl i f i ca t ion  of more than  one percent  during a run 
were very  rare. The d e t e c t i o n  system was l i n e a r  i n  energy 
, response t o  be t te r  than  f i v e  percent .  The samples examined 
were e i t h e r  f l a t  p i eces  of  metal or powders presented  i n  t r a y s  
through t h e  vacuum lock .  The d is tance  of t h e  sample from the 
source and d e t e c t o r  w a s  u s u a l l y  con t ro l l ed  to about half a 
mi l l imeter .  
. 
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111. EXPERIMENTAL RESULTS 
The re sea rch  instrument w a s  used p r imar i ly  t o  establish 
t h e  c h a r a c t e r i s t i c s  of t h i s  type of a n a l y s i s  -- the shapes of 
the s p e c t r a  from d i f f e r e n t  elements, t h e  i n t e n s i t i e s  of s c a t t e r -  
ing ,  checks on i n t e n s i t y  r a t i o s  i n  compounds, e t c .  The bread- 
board instrument demonstrated the  f e a s i b i l i t y  of cons t ruc t ing  
a f l i g h t  s u i t a b l e  instrument based on these  ideas. It a l s o  
provided much fundamental information on the  method. 
The shapes of s p e c t r a  from t h i c k  samples of elements 
heavy enough t o  s c a t t e r  a lpha  p a r t i c l e s  p r imar i ly  by Rutherford 
s c a t t e r i n g  are expected t o  be  e s s e n t i a l l y  r ec t angu la r  i n  shape 
w i t h  a high energy endpoint determined by the mass of t h e  
s c a t t e r e r  (Turkevich, 1961). Fig.% i l lustrates t h i s  behavior 
w i t h  s c a t t e r i n g  curves from aluminum, s i l i c o n ,  t i t a n i u m ,  and 
i r o n  obtained w i t h  the  research  apparatus .  F ig .  3b shows 
corresponding s c a t t e r i n g  curves from boron, g raph i t e ,  chromium, 
s i l v e r ,  and platinum. Fig.  3c shows data f o r  Beryllium, s u l f u r ,  
copper and zirconium. I n  each case the s c a t t e r e d  i n t e n s i t y  i s  
p l o t t e d  on a logari thmic s c a l e  as a func t ion  of  t h e  f r a c t i o n  of 
t he  inc iden t  k i n e t i c  energy t h a t  replains i n  t h e  s c a t t e r e d  alpha 
p a r t i c l e ,  T/To. The t h e o r e t i c a l  high energy endpoints f o r  each 
element, ,  (Turkevich, 1961) i s  ind ica t ed  by a n  arrow. 
A s  examples o f  s c a t t e r i n g  s p e c t r a  from some simple 
compounds, Fig.  4 presen t s  t h e  s p e c t r a  of a lpha  p a r t i c l e s  
FIGURE 3 
Alpha s c a t t e r i n g  spectrums from t h i c k  t a r g e t s  o f  some pure 
elements measured with t h e  Research Apparatus. The u n i t  of 
t he  a b s c i s s a s  i s  the  f r a c t i o n  of t h e  inc iden t  energy, T/To, 
remaining w i t h  t h e  s c a t t e r e d  alpha p a r t i c l e .  The o rd ina te s  
are i n t e n s i t i e s  of t h e  s c a t t e r e d  alpha p a r t i c l e s  i n  u n i t s  
of counts p e r  100 min, p e r  l o l o  d/m of Cm2'* i n  t h e  alpha 
source, p e r  four channels of t h e  ana lyzer  (approximately 
0.02 i n  T/T~). 
a .  Aluminum, s i l i c o n ,  t i tanium, i r o n  
b .  Boron, graphi te ,  chromium, s i l v e r ,  
p l a  t i num 
e .  Beryllium, su l fu r ,  copper, zirconium 
The arrows show, f o r  each element, t h e  p red ic t ed  high 
energy cut-off  according t o  Equation 1 of the  d iscuss ion  
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Alpha s c a t t e r i n g  spectrums from some oxides measured with t h e  
Research Apparatus. See Figure 3 for comments on t h e  absc i s sas  
and o rd ina te s .  Data a r e  presented for A 1  0 
Fe203. 
according t o  Equation 1 a r e  ind ica t ed  by arrows. 
Si02, Ti02 and 
2 3’ 












\ -6 00" 
0 






I 1  
0. t 
1 I i I 1 I I I 





5 t -  
I 
IO 






s c a t t e r e d  from a series of oxides (A1 0 
Fig .  5 shows comparable spec t ra  from a s e l e c t i o n  of o the r  
s l i g h t l y  more complex compounds -- t h e  sodium sa l t s  o f  some 
oxyacids (Na,C03, Na3P04, Na2S04, Na2C8$&) . 
Si02, T i 0 2  and Fe 0 ) .  
2 3’ 2 3  
The s p e c t r a  from t h e  oxides (Fig.  4) are cha rac t e r i zed  
by two regions; i n  the  low energy reg ion  the  s c a t t e r i n g  i s  due 
t o  oxygen and t h e  metal. The oxygen con t r ibu t ion  s tops  a t  around 
T/T = 0.37, and t h e  reg ion  beyond t h i s  i s  determined e n t i r e l y  by 
t h e  metal with i t s  c h a r a c t e r i s t i c  endpoint.  S imi l a r ly  i n  Fig.  5 
and s p e c t r a  f o r  more complicated systems, the  s p e c t r a  appear 
t o  be made up of  a d d i t i v e  cont r ibu t ions  from t h e  con t r ibu t ing  
elements,  each with i t s  own c h a r a c t e r i s t i c  spectrum and endpoint,  
a l though l i m i t a t i o n s  of i n t e n s i t y  and r e s o l u t i o n  o f t e n  preclude 
easy v i s u a l  i d e n t i f i c a t i o n .  Figs.  6 and 7 p resen t s  da t a  on 
some complex systems, black d i r t ,  c l a y  - Fig.  6 - and ol ivene,  
a chondr i t i c  meteor i te  (Bruderhelm) and a carbonaceous chondri te  
(Mighei) - Fig.  7 .  
0 
The i n t e n s i t i e s  of protons from a , p  r e a c t i o n s  are u s u a l l y  
much lower than  tho t so f  t h e  s c a t t e r e d  alpha p a r t i c l e s .  However, 
on ly  a small number of elements have an  apprec iab le  y i e l d  of 
( a ,p )  r e a c t i o n s  with 6.11 Mev alpha p a r t i c l e s  and these proton 
s p e c t r a  have ve ry  c h a r a c t e r i s t i c  shapes.  A few proton spec t r a  
from (a ,p )  r e a c t i o n s  on t h i c k  t a r g e t s ,  obtained wi th  t h e  prototype 
instrument ,  are shown i n  Fig.  8. Other experiments with the  
. 
FIGURE 5 
Alpha s c a t t e r i n g  Spectrums from the  sodium sal ts  of some 
oxyacids obtained with t h e  Research Apparatus. See 
Figure 3 f o r  comments on the ord ina te s  and a b s c i s s a s .  
D a t a  are presented f o r  Na CO N a  PO Na2S04, Na2Cr04. 
The p o s i t i o n s  of the expected h igh  energy endpoints 
according to Equation 1 a r e  ind ica t ed  by arrows. 






c o  NO P S Cr 
l o b  5 
























Alpha s c a t t e r i n g  spectrums from t e r r e s t r i a l  e a r t h s  obtained 
w i t h  t h e  Research Apparatus. 
d i r t  and. c l a y  obtained a t  the Argonne Nat ional  Laboratory 
s i t e .  See Figure 3 f o r  comments on t h e  o rd ina te s  and 
a b s c i s s a s .  
spectrums may be t e n t a t i v e l y  a s s igned  t o  t h e  presence of 
elements t h e  p o s i t i o n s  of whose h igh  energy endpoints  
(Equation 1) are i n d i c a t e d  by arrows.  
Data are  presented  f o r  black 
The more prominent f e a t u r e s  of the  s c a t t e r i n g  
5c 
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F I G U R E  7 
Alpha s c a t t e r i n g  spectrums from some materials of geochemical 
i n t e r e s t  ob ta ined  w i t h  the  Research Apparatus. The a b s c i s s a s  
a r e  channel numbers ( l i n e a r l y  r e l a t e d  t o  the  energy of t h e  
s c a t t e r e d  a lpha  p a r t i c l e s ) .  
an  a r b i t r a r y  s c a l e .  
The o r d i n a t e s  are i n t e n s i t i e s  on 
Data a r e  p re sen ted  fo r :  
A .  Olivene 
B. Bruderheim (a c h o n d r i t i c  me teo r i t e )  
C .  Mighei (a carbonaceous chondr i te )  
The arrows i n d i c a t e  t h e  p o s i t i o n s  of t h e  t h e o r e t i c a l  h igh  
energy endpoints (Equation 1) for some elements t h a t  are  
expected to be p r e s e n t .  
I Mg Si Fe 
+ I +  I I + 
C 0 
I + I  +I I 






Protons from (a ,p)  r eac t ions  from var ious  elements.  These 
data were obtained w i t h  the Prototype Instrument using a 
source s t r e n g t h  of approximately 1 . 4  x lo9 d/m of Cm 24 2 . 
The d e t e c t o r s  were covered with gold f o i l s  (approximately 
0 .6  m i l  t h i c k )  t o  remove t h e  s c a t t e r e d  alpha p a r t i c l e s .  
The o rd ina te s  are counts p e r  100 min per 4 channels of the  
analyzer ;  the a b s c i s s a s  a r e  channel numbers -- l i n e a r l y  
related t o  the energy of t h e  pro tons .  
the  system has already been sub t r ac t ed .  
The background i n  
D a t a  a r e  present  
f o r :  






Carbon i n  the form of g r a p h i t e  
N i t r o g e n  i n  t he  form of NH NO 
Fluorine i n  t h e  form of t e f l o n  
Sodium i n  the  form of N a  CO 
Magnesium metal 
Aluminum metal 
4 3  





























r e sea rch  and breadboard instruments confirm the  genera l  y i e l d  
p a t t e r n  as w e l l  as s t r u c t u r e  shown by these curves.  They a l s o  
confirm the  expec ta t ion  t h a t  there should be no protons emitted 
by carbon, oxygen, o r  heavy elements such as i r o n .  A good 
yield of protons i s  a l s o  obtained from boron, and a moderate 
y i e l d  from s i l i c o n  Cw&hh about t he  same energy as those  from 
magnesium). 
DISCUSSION 
A .  Alpha S c a t t e r i n g  Spectra  
It i s  evident  from Figure 3 tha t  the alpha s c a t t e r i n g  
s p e c t r a  from pure  elements f a l l  i n t o  two ca tegor i e s .  For high 
Z ( g r e a t e r  than  about 20) the spec t r a  are n e a r l y  r ec t angu la r  i n  
shape w i t h  a sharp,  high energy c u t o f f .  T h i s  h igh energy cutoff  
i s  given, from conservation of energy and momentum, by the  
equat ion (Rutherford,  Chadwich and E l l i s ,  1930) 
(4 c;se( + / T I 2  
max T 
1 +  A 2  f ( A , 8 )  = - = To 
where 8 i s  the  angle  of s c a t t e r i n g  i n  the  l abora to ry  system 
(+ 160" i n  our  experiments) and A i s  the mass number of t he  
s c a t t e r e r .  The numerical values a t  160" are not much d i f f e r e n t  
from those  a t  180" where t h e  formula reduces t o  




A p l o t  of Equation 1, f o r  var ious i n t e r e s t i n g  values  of A, i s  
shown as a func t ion  of the l abora to ry  s c a t t e r i n g  angle  i n  
F igure  9. According to t h e s e  formulas the high energy endpoints 
are s e n s i t i v e  func t ions  of the mass number f o r  l o w  A .  
t h e  high energy endpoint s t i l l  exists,  although i n  some cases  
i t  i s  harder t o  e s t a b l i s h .  Figure 10 i l l u s t r a t e s  the  agreement 
between t h e  t h e o r e t i c a l  and experimental  high energy endpoints .  
The observed energy of the endpoints,  as determined by the  
channel number of the  multichannel ana lyzer ,  i s  p l o t t e d  versus  
f ( A , 8 )  as given by Equation 1. 
va lues  l i e  very  c lose  t o  a s t r a i g h t  l i n e  connecting zero energy 
and the o r i g i n a l  energy of t h e  alpha p a r t i c l e s  ( p l o t t e d  a t  
T 
It i s  seen tha t  the  experimental  
- -  rnax - 1). 
Tb 
The f i g u r e  a l s o  i l l u s t r a t e s  t h e  good d i spe r s ion  
between the  endpoints of neighboring l i g h t  elements ( C ,  N, 0, F ) .  
The sepa ra t ion  between the endpoints of ad jacent  elements 
decreases  as A i nc reases .  Most of t h e  instruments  used t o  
date have had o v e r a l l  r e so lu t ions  of about 3 percent .  This 
means t ha t  for atomic weights g r e a t e r  than about 25, i n d i v i d u a l  
i s o t o p e s  a r e  hard to r e so lve .  Elemental a n a l y s i s  i s  f u r t h e r  
complicated by t h e  presence of s e v e r a l  i so topes  i n  t he  heav ie r  
elements and by t h e  presence o f  s e v e r a l  i so topes  of the  same 
mass number i n  d i f f e r e n t  elements.  I n  p r a c t i c e ,  t he  usefu lness  
FIGURE 9 
Dependence of the maximum energy of scattered alpha 
particles, T 
0 ,  and on the mass number, A. See Equation 1 of text. 
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FIGURE 10 
Agreement of observed and t h e o r e t i c a l  endpoints of t h e  
s c a t t e r i n g  spectrums of various elements as obtained w i t h  
t h e  Research Apparatus. The s t r a i g h t  l i n e ,  drawn through 
Tmax/To = 
of t h e  inc iden t  a lpha p a r t i c l e s )  i n d i c a t e s  how w e l l  t h e  
experimental  endpoints agree w i t h  t h e  p r e d i c t i o n s  of 
Equation 1. 
cons i s t en t  with t h e  p o s i t i v e  energy threshold  of t h e  
ana lyze r .  
1 a t  channel 224 ( the  channel of  the  peak energy 
The negat ive i n t e r c e p t  a t  Tmax/To = 0 i s  
F I G U R E  4 
Alpha s c a t t e r i n g  spectrums from some oxides measured with t h e  
Research Apparatus. See Figure 3 for comments on t h e  a b s c i s s a s  
and o r d i n a t e s .  Data are presented  f o r  A 1  0 
Fe 0 The p o s i t i o n s  of  t he  expected high energy endpoints  
according t o  Equation 1 are i n d i c a t e d  by arrows. 





























of the technique i n  d i s t ingu i sh ing  neighboring elements  i s  not 
degraded as r a p i d l y  as might be expected because of t h e  usua l ly  
low abundances of some elements such as argon and scandium, 
and because t h e  s e n s i t i v i t y  f o r  heavier  e lements  i n c r e a s e s  w i t h  
2 (see below). 
For t h e  case of elements of high 2, t h e  shape of t h e  
s p e c t r a  and t h e  i n t e n s i t i e s  are determined by t h e  Rutherford 
s c a t t e r i n g  of t h e  alpha p a r t i c l e s .  In  a p a r t i c u l a r  geometry 
t h i s  is ,  i n  p r i n c i p l e ,  completely ca l cu lab le  from t h e o r e t i c a l  
coulomb s c a t t e r i n g  c ross  sec t ions  and t h e  energy lo s s  
c h a r a c t e r i s t i c s  of the substance being inves t iga t ed .  For 
t h i c k  t a r g e t s  of t h e  type  s tud ied  here  a d e t a i l e d  c a l c u l a t i o n  
of t h l s  type i s  complicated by t h e  incompletely known energy 
l o s s  c ros s  sec t ions ,  p a r t i c u l a r l y  a t  low energies ,  and by t h e  
occurrence of mul t ip l e  s c a t t e r i n g  - a l s o  most important a t  
low ene rg ie s .  
For t h e  purposes of t h i s  paper t h e  t h e o r e t i c a l  
i n t e r p r e t a t i o n  of a lpha p a r t i c l e  s c a t t e r i n g  from a t h i c k  
t a r g e t  w i l l  be done i n  terms of t h e  diagram of Figure 11. 
This i n t e r p r e t a t i o n  w i l l  assume only  s i n g l e  s c a t t e r i n g  
con t r ibu t ions .  
a lpha  p a r t i c l e  beam i n c i d e n t  perpendicular ly ,  on a homogeneous 
t h i c k  t a r g e t .  
be r e a d i l y  shown t o  be not s i g n i f i c a n t l y  d i f f e r e n t . )  I n  t h i s  
I n  Figure 11, To i s  t h e  energy of a p a r a l l e l  
(The case o f  nonkperpendicular inc idence  can 
FIGURE 11 
Geometrical r e l a t i o n s h i p s  i n  a lpha p a r t i c l e  s c a t t e r i n g  from 
a t h i c k  t a r g e t .  I n  t h i s  diagram t h e  d i s t ances  from the  
source and d e t e c t o r  t o  t h e  sample a r e  assumed to be v e r y  
l a r g e  (cent imeters )  compared t o  t h e  pene t r a t ion  o f  t h e  






diagram, T i s  the  energy w i t h  which the alpha p a r t i c l e s  emerge 
a f t e r  having been s c a t t e r e d  through an angle  8 .  
emerge w i t h  an energy T 
s c a t t e r e d  a t  a depth y, which i s  related t o  To, T 
3 
I n  order  t o  
t h e  alpha p a r t i c l e s  must have been 3' 
and 6 3 
' through the s topping c h a r a c t e r i s t i c s  of t h e  medium, and t h e  
energy change upon s c a t t e r i n g ,  f (Equation l), v i a  the  r e l a t i o n :  
where (g) i s  the  energy change due t o  i o n i z a t i o n  i n  the 
ma te r i a l  (e.g.  i n  Plev cm-') . 
y, f o r  a given 8, To, T3, and s c a t t e r i n g  substance.  
These r e l a t i o n s  determine T1 and 
The s c a t t e r e d  spectrum a t  an angle  6 i s  the  number of 
It i s  given, 3' a lpha  p a r t i c l e s  as a funct ion of  energy, T 
t h e o r e t i c a l l y ,  by the expression 
I n  t h i s  expression 
= i n t e n s i t y  of s c a t t e r e d  p a r t i c l e s  p e r  s t e r a d i a n  d I  -
dT, 
J 
T3 a t  a n  angle  8 and pe r  u n i t  emergent energy, 
= i n t e n s i t y  of i n c i d e n t  p a r t i c l e s  
I O  
-3 n = number of s c a t t e r i n g  nuc le i  x cm 
. 
-14- 
a(T) = cross  sec t ion  f o r  s c a t t e r i n g  alpha p a r t i c l e s  
by the  nuc le i  o f  i n t e r e s t  a t  energy T, ( i n  
cm2 nuclei-’  sterad-’). 
t h i s  c ros s  sec t ion  i s  the Rutherford 
s c a t t e r i n g  cross sec t ion :  







where Z i s  the  atomic number of t he  s c a t t e r i n g  
nucleus.  
between labora tory  and c e n t e r  of  mass s c a t t e r i n g  
angles  i s  n e g l i g i b l e ) .  
(For  heavy elements the  d i f f e r e n c e  
= v a r i a t i o n  i n  depth (at  which the s c a t t e r i n g  
occurs)  w i t h  change i n  emergent energy. 
L 
= energy j u s t  before  s c a t t e r i n g  
= energy just a f t e r  s c a t t e r i n g  
Thus, the  i n t e n s i t y  of s c a t t e r i n g  can be w r i t t e n  as 
d I  -
dT, 
J 
I n Z2 x 5.184 x 10 - 27 
0 
T1 2 (Mev) sin‘ 2 e 
-15- 
For alpha p a r t i c l e s  o f  energy above a f e w  MeV,  Equation 
4 
k - - -  - -dT 
dx STC 
i s  a f r equen t ly  used approximation t o  the  energy l o s s  due t o  
i o n i z a t i o n  (Fr ied lander  & Kennedy, 1949).  U s e  of such an 
approximate energy loss formula and the  energy dependence o f  the  
coulomb s c a t t e r i n g  c ross  sec t ion ,  leads t o  a t h i c k  t a r g e t  
s c a t t e r i n g  curve a t  180" i l l u s t r a t e d  i n  Figure 12b by curve C .  
The shape of t h i s  spectrum i s  independent of  t he  t a r g e t  material 
except i n  the  p o s i t i o n  of t he  h igh  energy endpoint.  
t he  spectrum would end a t  a T/To va lue  of 0.778 f o r  s c a t t e r i n g  
from copper, and a t  0.55 for aluminum. 
For example, 
L i t e r a t u r e  data on energy loss of alpha p a r t i c l e s  a t  
low energ ies  are not always cons i s t en t ,  and i n  any case a r e  
s p a r s e  f o r  alpha p a r t i c l e s  of energy l e s s  than  2 Mev (see, e .g . ,  
Whaling, 1958). A more r e a l i s t i c  energy loss func t ion  t h a n  one 
varying i n v e r s e l y  as the square roo t  of the energy (curve A of 
Figure 12a) i s  i l l u s t r a t e d  by the curve B of Figure 12a, which 
shows the  energy l o s s  going through a maximum a t  a l i t t l e  over 
0.5 MeV. Use of t h i s  function, t oge the r  w i t h  Equation 3, 
leads t o  a ca l cu la t ed  s c a t t e r e d  spectrum shown as curve D o f  
Figure 12b. T h i s  curve was ca l cu la t ed  f o r  copper as a t a r g e t .  
It i s  seen  t ha t  a more r e a l i s t i c  energy lo s s  r e l a t i o n  may lead 
FIGURE 12 
Rela t ionsh ip  of Energy Loss Function t o  Spectrum of 
Backscat tered Alpha P a r t i c l e s .  
2 .  Ecergy l o s s  of a lpha  pa r t i c l e s  (ar"uiti-aiey -units) as 
a func t ion  of  energy, i n  M e V .  Curve A r e p r e s e n t s  
dT Curve B r ep resen t s  an the func t ion  - = - 
energy l o s s  func t ion  f o r  copper cons t ruc ted  from 
experimental  da t a  (Whaling, 1958) . 
s; ax 
b.  Theore t i ca l  s p e c t r a  of  backsca t te red  a lpha  p a r t i c l e s  
c a l c u l a t e d  from Equation 3 f o r  an  angle  of  180". 
The o r d i n a t e s  are a r b i t r a r y  u n i t s ;  t h e  a b s c i s s a s  are 
ene rg ie s  of a lpha p a r t i c l e s  i n  u n i t s  of f r a c t i o n s  of 
the  o r i g i n a l  energy, TIT,. 
l o s s  corresponding t o  Curve A (above) .  D i f f e ren t  
elements would have the spectrum ending a t  T/To 
va lues  i n d i c a t e d  by a r r o w s  on t h e  t o p  s c a l e .  Curve 
D i s  the  c a l c u l a t e d  spectrum f o r  copper us ing  Curve 
B (above) f o r  t h e  energy l o s s  func t ion .  
Curve C assumes a n  energy 
e .  Experimental s c a t t e r i n g  spectrum from i r o n  obtained 
a t  an  angle  of 174 + 3" i n  a s p e c i a l  appara tus .  The 
o r d i n a t e s  are  a r b i t r a r y  i n t e n s i t y  u n i t s ;  t h e  a b s c i s s a s  
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t o  an  a c t u a l  r i s e  i n  the s c a t t e r e d  spectrum a t  very low 
ene rg ie s .  
For comparison w i t h  these  t h e o r e t i c a l  curves,  Figure 
12c shows t h e  spectrum of alpha p a r t i c l e s  s c a t t e r e d  from i r o n  
a t  ar? average angle c!r 174 4- 3" obtained l z ?  a spec la l  - 
experimental  arrangement.  The sharp high energy endpoint a t  
t he  co r rec t  va lue  of T/To = 0.75 i s  evident as w e l l  as the 
e s s e n t i a l l y  r ec t angu la r  shape of  t h e  spectrum down t o  T/To 
va lues  of about 0.1. A t  p resent  i t  i s  not c l e a r  whether the  
d i f f e rences ,  i n  de ta i l ,  between curve D of Figure 12b and 
the  experimental  curve are due t o  the  i n a c c u r a t e l y  known 
energy loss funct ion,  o r  due t o  t h e  con t r ibu t ion  of mul t ip le  
coulomb s c a t t e r i n g  a t  low energ ies .  
I n  p p a c t i c a l  s i t u a t i o n s ,  such as obta in  i n  the  
d i f f e r e n t  instruments  used i n  t h i s  work, there i s  a cons iderable  
v a r i a t i o n  i n  s c a t t e r i n g  angles and pa ths .  The c a l c u l a t i o n  
could s t f l l  be performed, but would be labor ious ,  and has not 
been done as y e t .  
curves from elements heavier  than  s i l i c o n  ( see  Figure 3) show 
a n  e s s e n t i a l l y  r ec t angu la r  shape similar t o  t h a t  ca l cu la t ed  
f o r  be t te r  def ined geometries.  
c o r r e c t  high energy endpoints.  We conclude tha t  the  observed 
shapes of the  s c a t t e r e d  spec t ra  f o r  high 2 elements are  
cons i s t en t  w i t h  Rutherford s c a t t e r i n g  cross  s e c t i o n s  and 
s topping powers of materials t o  t h e  ex ten t  tha t  t h e y  are known. 
However, the empi r i ca l ly  obtained s c a t t e r i n g  
A s  a l r eady  noted they  have the  
-17- 
The i n t e n s i t i e s  o f  Rutherford s c a t t e r i n g  from d i f f e r e n t  
elements,  can best be compared near  t h e  high energy endpoints 
of t he  r e spec t ive  s c a t t e r e d  s p e c t r a .  I n  t h i s  energy region, 
t he  energy loss i s  approximately r ep resen tab le  by Equation 4, 
w i t h  the constant ,  k, being roughly related t o  the  atomic 
number of the  ma te r i a l  
K =  
The s c a t t e r e d  spectrum 
by the  r e l a t i o n  (Whaling, 1958) 
n k  0fl (5) 
near  the high energy endpoint 
r ep resen t s  s c a t t e r i n g  from the su r face  of t h e  mater ia l ,  and s o  
T1 = T and T = fT . 
0 3 0 
0 
where 
(") dT3 T3 = f T  0 
For negat ive va lues  of 
and va lues  of A l a r g e r  
Equation 3 then  s i m p l i f i e s  t o :  





= i n t e n s i t y  of s c a t t e r e d  alpha 
p a r t i c l e s  near  t h e  high energy 
endpoint.  
cos9 ( app l i cab le  f o r  backsca t te r ing)  
than  about 20, formula 6 becomes nea r ly  
independent of A, and p r e d i c t s  an i n t e n s i t y  of s c a t t e r i n g ,  near  
t he  endpoints,  which v a r i e s  as  Z 3 i 2 .  
experimental  data on th i s  r e l a t i o n s h i p .  I n  t h i s  f i g u r e ,  the  
F l g ~ r e  13 presents  
logarithm of the  i n t e n s i t y  of s c a t t e r i n g  near  the high energy 
endpoint i s  p l o t t e d  as a func t ion  of t h e  logarithm of the 
FIGURE 13 
Dependence of  i n t e n s i t y  of s c a t t e r i n g  on atomic number. 
The  o rd ina te s  a r e  i n t e n s i t i e s  (on a logari thmic s c a l e )  
of s c a t t e r i n g  near  t h e  endpoint by d i f f e r e n t  elements.  
The u n i t s  a r e  t h e  same a s  t h o s e  of Figure 3. The 
a b s c i s s a s  a r e  atomic numbers (on a logari thmic s c a l e ) .  
I n  t h e  case of elements not r e a d i l y  a v a i l a b l e  i n  
s u i t a b l e  elementary form (e.g.  N a ,  C l )  t h e  i n t e n s i t i e s  
were obtained by the  procedure descr ibed i n  s e c t i o n  C 
of t h e  d iscuss ion .  Points  obtained i n  t h i s  way a r e  
i n d i c a t e d  by open c i r c l e s .  I n  some cases  seve ra l  
compounds were used. The s t r a i g h t  l i n e  has been drawn 
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atomic number. Above a Z of 11 the p o i n t s  c l u s t e r  about a 
l i n e  of s lope  3/2  i n d i c a t i n g  s a t i s f a c t o r y  agreement w i t h  the  
p r e d i c t i o n s  of the theory.  As the  Z of the element i s  
decreased below that  of sodium, t h e  r e g u l a r  behavior disappears ,  
t h e  i n t e n s i t y  of s c a t t e r i n g  becoming much higher than  tha t  
precllcted frer?. Rdtherferd s c a t t e r i n g ,  and varylng i r r e g u l a r l y  
from element t o  element. It i s  e s p e c i a l l y  high for carbon. 
The depar ture  from t h e  Z 3 /2  l a w  for t h e  i n t e n s i t y  of  
s c a t t e r i n g  a t  low Z i s  a s soc ia t ed  w i t h  an inc rease  i n  s t r u c t u r e  
of t h e  s c a t t e r i n g  curve a s  a func t ion  of energy ( see  Figure 3 ) .  
Both f e a t u r e s  - the  increased  i n t e n s i t y  and s t r u c t u r e  - are 
a s s o c i a t e d  w i t h  s p e c i f i c a l l y  nuc lear  (as opposed t o  e l e c t r o s t a t i c )  
i n t e r a c t i o n s  of  the  incoming alpha p a r t i c l e s  wi th  the  t a r g e t  
n u c l e i .  These become dominant when t h e  charge of t h e  t a r g e t  
nucleus becomes low enough f o r  s i g n i f i c a n t  coulomb barr ler  
p e n e t r a t i o n  by t h e  6.11 Mev alpha p a r t i c l e s .  A s  the alpha 
p a r t i c l e  goes through the t h i c k  t a r g e t  i t  l o s e s  energy 
cont inuously and thus  goes through energy regions where the 
nuc lear  c ross  s e c t i o n  may become very  l a r g e .  A t  these resonant 
ene rg ie s  there w i l l  be enhanced s c a t t e r i n g  ( o r  o t h e r  nuc lear  
e f f e c t s ) .  Examples of such resonances i n  nuc lear  s c a t t e r i n g  
are w e l l  known. For example, B i t t n e r  and Moffat (1954) 
observed resonant s c a t t e r i n g  from CI2 w i t h  5.85 Mev alpha 
p a r t i c l e s .  The s c a t t e r i n g  was about 15 times as l a r g e  as 
Rutherford s c a t t e r i n g  a t  a l abora to ry  angle  of 1-67" and was 
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very  angular  dependent; it was many times lower a t  a s c a t t e r i n g  
ang le  of 134". Simi lar ly ,  oxygen (Ferguson & Walker, 1940) has 
resonant  s c a t t e r i n g  for 5.5 Mev alpha p a r t i c l e s  that  i s  more 
than  t e n  times g r e a t e r  a t  157" than  Rutherford s c a t t e r i n g .  
We have i n v e s t i g a t e d  t h e  angular  dependence of the t h i c k  
t a r g e t  s c a t t e r i n g  from the  three elements  present  i n  calcium 
carbcnate .  For t h i s  purpcse t h e  Research Apparatus w a s  modified 
s l i g h t l y  t o  measure s c a t t e r i n g  a t  140". Table 2 p re sen t s  the 
i n t e n s i t i e s  of s c a t t e r i n g  a t  mean s c a t t e r i n g  angles  of 160" and 
140" a t t r i b u t a b l e  t o  carbon, oxygen and calcium i n  the  gross  
s c a t t e r i n g  spectrum of calcium carbonate.  It i s  seen from 
Table 2 t h a t  the i n t e n s i t y  of s c a t t e r i n g  a t t r i b u t a b l e  t o  
calcium inc reases  s l i g h t l y  as t h e  angle  i s  decreased, whereas 
t h a t  f o r  carbon and oxygen decreases markedly. 
I n  conclusion, t h e  i n t e n s i t i e s  o f  alpha s c a t t e r i n g  by 
d i f f e r e n t  elements i n  instruments of t h e  type descr ibed i n  t h i s  
r e p o r t  appear t o  be cons is ten t  w i t h  fundamental nuc lear  physics  
information,  and data of t h e  type  i l lus t ra ted  i n  Figure 13 may 
be used t o  estimate t h e  r e l a t i v e  s e n s i t i v i t y  of t he  a lpha  
s c a t t e r i n g  technique f o r  var ious elements. 
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TABLE 2. Effect of Angle of Scattering on Intensities 
Attributable to Carbon, Oxygen, and Calcium 
(Intensities* measured in Modified Research Apparatus) 
Mean Angle of S c a t t e r l n g  
Element 160 O 140 O 




8 . 2  
5.5 
11 
* The intensities in this table are in arbitrary but 
comparable units. The values were determined by 
resolution of the gross CaCO scattering spectrum 
into components attributable to the three elements. 
3 
B. Proton Spectra  from ( a , p )  Reactions 
The energy spec t r a  and y i e l d s  of protons from (a ,p)  
r e a c t i o n s  are  s i m i l a r l y  a r e f l e c t i o n  of the  cross s e c t i o n s  for 
such r eac t ions  with d i f f e r e n t  nuc le i  a t  alpha energ ies  up t o  
6.11 MeV. Energe t ica l ly ,  such r eac t ions  are impossible f o r  Be , 
el2, Cl3 o r  for ,I6, 017, 0l8. For elements w i t h  nuc lear  charge 
above 20, t h e  coulomb barrier pene t r a t ion  p r o b a b i l i t y  i s  small 
enough t o  lower t h e  c ros s  sec t ions  t o  unimportant va lues .  For 
t h e  o t h e r  l i g h t  elements such a s  B, N,  F, N a ,  Mg, Al, and S i ,  
protons are produced w i t h  energies  and i n  groups cons i s t en t  with 
known nuclear  masses and energy l e v e l s ,  al though only crude 
energy r e s o l u t i o n  i s  a v a i l a b l e  i n  t h e  kind of apparatus  used i n  
t h i s  work. 
9 
It should be n o t e d  t h a t  protons from (a ,p )  r e a c t i o n s  
may complicate t h e  appearance o f  t he  alpha s c a t t e r i n g  spectrum. 
Thus, f o r  example, the peak a t  T/T 0 = 0.37 of t h e  a s c a t t e r i n g  
spectrum f o r  boron (see  Figure 3b) i s  a t  a h igher  energy than  
can be assigned t o  alpha p a r t i c l e s  from boron; i t  i s  reasonably 
a t t r i b u t e d  t o  protons from the  exothermic ( a ,p )  r e a c t i o n  on 
one of the boron i s o t o p e s .  
i t  i s  important to remember the r e l a t i v e l y  long range of 
pro tons ,  which may exceed t h e  s e n s i t i v e  depth of  semiconductor 
d e t e c t o r s  biased p r imar i ly  f o r  a lpha p a r t i c l e  d e t e c t i o n .  
Another p o s s i b l e  explanat ion for t h e  peak i n  t h e  boron spectrum 
I n  i n t e r p r e t i n g  such proton peaks 
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i s  tha t  i t  a r i s e s  from s c a t t e r i n g  by a t h i n  l a y e r  of oxygen. 
Such an explanat ion i s  incons i s t en t  w i t h  the  observat ion of 
t he  same peak i n  compounds containing boron. It appears to 
be a coincidence that  the  s e n s i t i v e  depth o f  the  d e t e c t o r s  
used i n  t h i s  work i s  such t h a t  moderate energy protons deposi t  
about t he  same energy i n  the d e t e c t o r s  a s  does an alpha 
p a r t i c l e  s c a t t e r e d  by oxygen. 
Although the  i n t e n s i t y  o f  protons from (a ,p)  r eac t ions  
i s  o f t e n  much l o w e r  than  that  of t h e  s c a t t e r e d  alpha p a r t i c l e s ,  
i nco rpora t ion  of a de t ec t ion  system s e n s i t i v e  only to protons 
enhances t h e  s e n s i t i v i t y  o f  an a n a l y t i c a l  instrument f o r  many 
p o s s i b l e  a p p l i c a t i o n s .  For  example, i n  t h e  case of rock 
ana lyses ,  t h e  amounts of aluminum and sodium o f t e n  have g r e a t  
geochemical i n t e r e s t .  Thei r  f r equen t ly  low abundances i n  the  
presence of l a r g e  amounts of s i l i c o n  and  magnesium make t h e  
s c a t t e r e d  alpha p a r t i c l e  spectrum a n  i n s e n s i t i v e  basis f o r  
t h e i r  determinat ion.  The proton s p e c t r a  from aluminum and 
sodium, however, extend to much h igher  energ ies  than do those  
from s i l i c o n  and magnesium and the i r  c h a r a c t e r i s t i c  shapes 
provide f u r t h e r  basis f o r  d i f f e r e n t i a t i o n .  
C .  I n t e r p r e t a t i o n  of  Complex Spectra  
Q u a l i t a t i v e  inspec t ion  of the  s p e c t r a  of  oxides and 
more complex compounds (Figures 4 and 5) i n d i c a t e s  tha t  t hey  
are superpos i t ions  of the  s c a t t e r i n g  s p e c t r a  of  t he  cons t i t uen t  
c 
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elements.  It i s  of importance f o r  a n a l y t i c a l  a p p l i c a t i o n s  
t o  understand to what ex ten t  t h i s  superpos i t ion  i s  exact  and 
what a r e  the  q u a n t i t a t i v e  r e l a t i o n s  between t h e  i n t e n s i t y  of 
an  element i n  a compound and i n  the  pure s ta te .  
'In the approxima.tion t h a t  the energy l o s s  of an  alpha 
p a r t i c l e  due to i o n i z a t i o n  i n  all substances i s  a u n i v e r s a l  
func t ion  of t he  energy - depending on composition only v i a  a 
m u l t i p l i c a t i v e  constant  - i t  i s  e a s i l y  shown t h e o r e t i c a l l y  t h a t  
t he  alpha s c a t t e r i n g  curve from a compound i s  composed 
a d d i t i v e l y  of the  cont r ibu t ions  of  t he  i n d i v i d u a l  elements.  
T h i s  approximation does not assume any s p e c i f i c  form f o r  t he  
energy l o s s  function; on ly  t h a t  the  energy dependence i s  
independent of chemical composition. The cons tan ts  en te r ing  
i n t o  t h i s  superpos i t ion  a r e  related to the concent ra t ions  and 
the  i o n i z a t i o n  energy loss c r o s s  s e c t i o n s  p e r  atom of the  
elements p r e s e n t .  The proof o f  t h i s  f o l l o w s :  
From Equation 3, the r a t i o  o f  i n t e n s i t y  of s c a t t e r i n g  
by an  element, i, i n  a compound 








to that  f o r  t h e  pure element,  
- ?I- dx foT1 + fi  -cos8 - 
+ fi  -cos8 i 
L 
(7)  
I n  t h i s  equation, the  presuperscr ip t  denotes the  va lue  of a 
q u a n t i t y  i n  the  pure element. It should be noted t h a t  t h e  
i n t e n s i t i e s  are being compared a t  t h e  same emergent energy T?, 
but t ha t  T1 and O T 1  are not necessa r i ly  equal .  
4 
The assumption t h a t  t h e  i o n i z a t i o n  energy l o s s  i s  a 
u n i v e r s a l  func t ion  of t h e  energy i s  equivalent  t o  t he  equation: 
where Ci i s  a constant  r e l a t i n g  the  energy l o s s  p e r  cm i n  the 
compound t o  tha t  i n  the  pure element.  In  t h e  energy regions 
where t h i s  equat ion holds ,  O T i  = T 
i n t e n s i t i e s  then  becomes 







Equation 9 i s  independent o f  the  energy T and thus  
p r e d i c t s  that  the  shape o f  the  con t r ibu t ion  of a n  element i 
3 
t o  a s c a t t e r i n g  spectrum from a compound i s  the  same as t h e  
shape of the  s c a t t e r i n g  spectrum o f  the  pure element.  
The r a t i o  of i n t e n s i t i e s  i s  the product of t h e  r a t i o  of 
the  number of i atoms pe r  cm3 and t h e  r a t i o  of energy l o s s e s  
p e r  cm f o r  t h e  two substances.  Simple manipulation converts 
t h i s  t o  
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where 
= energy l o s s  c ros s  se 
f 7 m p  “ J Y b  i i n  t he  compound 
t i o n  p e r  atom of the  
pure  substance i ( i n  Mev em2 atom-’) 
- 
CP = average energy lo s s  c ross  s e c t i o n  p e r  atom 
f o r  the  compound: 
Equation 10 i s  t h e  basis o f  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of 
complex alpha s c a t t e r i n g  s p e c t r a  i n  t h e  energy reg ions  where 
t he  b a s i c  assumption - Equation 8 - i s  s a t i s f i e d .  It r e q u i r e s  
a knowledge of t h e  r e l a t i v e  energy loss c ross  s e c t i o n s  p e r  atom 
which can be obtained from compilations such as Whaling (1958). 
A simple r e l a t i o n  t h a t  seems t o  be v a l i d  f o r  t h e  energy reg ion  
o f  i n t e r e s t  and for not  t o o  heavy elements, i s  that  cpi v a r i e s  
as the square r o o t  of the atomic number (Equation 5 ) .  
t h i s  i n t o  Equation 10 l e a d s  to :  
In t roducing  
x s “ T :  i 
1 
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where t h e  symbol c 6 > means t h e  average va lue  of 
a p a r t i c u l a r  compound. 
f o r  
Aside from t h e  fundamental assumption t h a t  mu l t ip l e  
s c a t t e r i n g  e f f e c t s  are  unimportant, t h e  above d e r i v a t i o n  depends 
f l rs t ly  nn t he  asslimptisn of the  same energy dependence of the  
i o n i z a t i o n  energy loss f o r  a l l  substances,  and secondly on the  
r e l a t i o n  between t h e  r e l a t i v e  i o n i z a t i o n  energy l o s s  and t h e  
atomic number. Although t h e  a v a i l a b l e  da ta  (Whaling, 1958) 
i n d i c a t e  systematic  devia t ions  from both of t he  l a t t e r  
approximations,  i t  does not appear to be warranted t o  t a k e  
t h e s e  i n t o  account a t  t h e  present  s t a g e  of t h e  development of 
t h e  a n a l y t i c a l  technique.  
Experimental checks o f  t h e s e  t h e o r e t i c a l  cons idera t ions  
can be made us ing  a v a i l a b l e  da ta .  The dependence o f  t h e  shape 
of  t h e  spectrum on the  chemical s t a t e  of  a n  element may be 
f i r s t  examined. Quant i ta t ive  comparison of t h e  i r o n  s c a t t e r i n g  
spectrum beyond the oxygen endpoint (T/To > -38) i n d i c a t e s  t h e  
same shape (wi th in  the s t a t i s t i c a l  e r r o r s  and those of t h e  
s t a b i l i t y  of t h e  e l e c t r o n i c s )  f o r  m e t a l l i c  i r o n ,  Fe 0 and 
Fe 0 S imi l a r  comparisons of metals and oxides beyond t h e  
oxygen endpoint f o r  Mg, A1 and S i ,  l ikewise  show agreement, 
with t h e  s t r u c t u r e  i n  t h e  s c a t t e r i n g  spec t r a  being preserved 
(see below, Figure 1 4 ) .  
2 3  
3 4 '  
A more severe  t e s t  of t h e  independence o f  t h e  shape of 





Separa t ion  of t h e  Alpha Sca t t e r ing  Spectrum from M g O  i n t o  
M g  and 0 components. The data were obtained with t h e  
Tb*e 17nnf-I n - 1  1 -I--" . - ." -Anfe+ Eesearch Apparatus. v L A  V L b u L  ~ ~ 1 1 G ; o  aa;oubLaued with 
each po in t  represent  s t a t i s t i c a l  e r r o r s .  
o r i g i n a l  data from MgO i n  u n i t s  of 
counts p e r  4 channels p e r  100 min. 
da t a  
da t a  
from Mg metal f i t t e d  t o  t h e  MgO 
beyond channel 7 2 .  The 
normalization f a c t o r  i s  0.494 + 0.024. - 
Contribution due to oxygen based on 
s u b t r a c t i o n  of Mg data  from t h a t  of 
MgO. The s l i g h t  peak i n  t h e  oxygen 
curve a t  around channel 60 may be due 
t o  instrument ga in  s h i f t s  between the  
t i m e  of measurement of t h e  MgO and Mg 
samples. T h i s  i s  i n d i c a t e d  by t h e  
s l i g h t  peak s h i f t  o f  t h e  Mg component 
- I  
a t  channel 85. 
CHANNEL NUMBER 
4 
low energies since the approximations leading to Equation 9 
~ are less certain at low energies. As an example of this 
situation, the oxygen contribution was obtained from the oxides 
of M g  and two oxides of Fe by subtracting the metal contribution I -  
assuming it was the same at low energies as beyond the oxygen 
endpoint. 
case of magnesium-magnesium oxide. This figure shows the 
intensity of scattering from MgO ir, the Research Apparatus, as 
a function of energy (channel number). Beyond channel 72,  the 
spectrum is representable by (0.494 - + 0.024) times the magnesium 
metal spectrum in the same apparatus. Subtraction of the metal 
spectrum multiplied by 0.494 from the oxide spectrum gives the 
contribution of oxygen to the oxide spectrum. 
The procedure is illustrated in Pigure 14 f o r  the 
The oxygen contributions obtained in this manner from 
M g O ,  Fe 0 and Fe 0 are shown in Figure 15 on a semilogarithmic 
plot. It is seen that the shapes of the derived curves are very 
similar. 
oxygen curve from MgO may be real, or it may be the result of 
2 3  3 4  
The slight peak at about channel number 60 in the 
l 
I a slight amplification shift in the equipment in between the 
time of measurement of the MgO and of the Mg. For the present 
discussion it would appear as if, within statistical and 
I instrumental drift errors, the shapes of the oxygen contributions 
from the three oxides are the same. 
FIGURE 15 
The shape of' the alpha s c a t t e r i n g  spectrum due to oxygen 
as  obtained from several oxides.  The d a t a  were obtained 
or, t h e  R e s e a r c h  Apparatus. The  o r d i m t e  i s  t h e  I c t e n s l t y  
i n  u n i t s  of counts p e r  4 channels p e r  100 min. on a 
logar i thmic  sca le ;  t h e  absc i s sas  a re  channel numbers 
(p ropor t iona l  to energy) .  The var ious  types of p o i n t s  
were obtained from d i f f e r e n t  oxide - metal data i n  the  
manner i l l u s t r a t e d  f o r  Mg (see Figure 1 4 ) .  The s t a t i s t i c a l  
e r r o r  bars have been shown only i n  t h e  case of t h e  MgO - Mg 
p o i n t s .  The abso lu te  i n t e n s i t i e s  have not been cor rec ted  
f o r  d i f f e rences  i n  t h e  i o n i z a t i o n  energy l o s s e s  i n  the  
-
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I f  i t  i s  now assumed that  the  shapes of t he  s c a t t e r e d  
s p e c t r a  are  independent of t h e  chemical s ta te ,  t he  i n t e n s i t i e s  
can be compared w i t h  p r e d i c t i o n s  from i o n i z a t i o n  energy l o s s  
cons ide ra t ions .  According t o  these, the  i n t e n s i t i e s  of an  
element i n  d i f f e r e n t  compounds w i l l  be p ropor t iona l  t o  the 
atomic f r a c t i o n  of the element d iv ided  by the average i o n i z a t i o n  
energy loss p e r  atom of t h e  substance being i n v e s t i g a t e d  ( see  
Equation 10) : 
dI ,  x2 
I I = const --  
dT3 cp 
The s imples t  assumption about L e  i o n i z a t i o n  energy l o s s e s  p e r  
atom, qi, i s  tha t  t h e y  v a r y  as 6, or, what i s  equiva len t  f o r  
l i g h t  elements,  a s &  . 
which t h i s  r e l a t i o n  i s  obeyed i n  t he  case of carbon, oxygen, 
Figure 16 i l l u s t r a t e s  the e x t e n t  t o  
magnesium, s i l i c o n  and i r o n  i n  va r ious  chemical s t a t e s .  It i s  
i s  i ‘JAI; ’ seen  that  t h e  p r o p o r t i o n a l i t y  o f  i n t e n s i t y  to 
followed moderately w e l l  for Fe, Mg, S i  and 0, but on ly  t o  about 
15-208’ for carbon. These l a r g e r  dev ia t ions  for carbon may be 
a s s o c i a t e d  w i t h  the fa i lure  of t he  s i m p l i f i e d  i o n i z a t i o n  l o s s  
assumptions f o r  a l i g h t  e l e m e n t .  
Using these assumptions, of t he  independence of 
composition of the  s c a t t e r i n g  s p e c t r a l  shape of an element and 
t h e r  i dependence of t h e  i o n i z a t i o n  c ros s  s e c t i o n  per  atom, 
FIGURE 16 
Dependence of t h e  i n t e n s i t y  of s c a t t e r i n g  by an  element 
on concentrat ion.  Data a r e  presented f o r  the i n t e n s i t y  
of s c a t t e r i n g  by carbon, oxygen, magnesium, s i l i c o n  and 
atomic f r a c t i o n  of  the element i n  the  system divided by 
the  average square r o o t  of the mass number of the system, 
x . / < c  > ; t h e  o rd ina te s  a r e  i n t e n s i t i e s  of s c a t t e r i n g  
by the  element at a given energy i n  u n i t s  of counts p e r  
1 
100 min. pe r  4 channels a t  a source s t r e n g t h  of 10 10 d/m. 
The carbon data are from samples of C a C O  
B C y  and g r a p h i t e  ( t h e  coordinates  i n  t h e  case of 
g r a p h i t e  and polyethylene have both been divided by 4 ) .  
polyethylene,  3’ 
4 
3 
The oxygen data are from Fe 0 M g O ,  A 1  0 Ti02, C a C O  
2 3’ 2 3’ 
and Si0  The data f o r  magnesium were obtained us ing  
2‘ 
t he  substances Mg (PO4)*, MgS04, MgO and magnesium metal. 
The s i l i c o n  da ta  a r e  obtained from S i0  
s i l i c o n .  Fe 0 Fe 0 and i r o n  metal  were used to ob ta in  
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t h e  s c a t t e r i n g  s p e c t r a  of pure elements not e a s i l y  a v a i l a b l e  
i n  elementary form can be obtained from those  of compounds. 
The r e s u l t i n g  curves f o r  sodium, ch lor ine ,  and calcium are 
shown i n  Figure 17. 
s p e c t r a  app l i cab le  f o r  a p a r t i c u l a r  instrument can be obtained 
experimental ly  for a i l  elements of i n t e r e s t .  For heavy elements 
f o r  which the s c a t t e r i n g  i s  p red ic t ab le  t h e o r e t i c a l l y ,  
approximate curves call be obtalned for elements act  i n v e s t i g a t e d  
by i n t e r p o l a t i o n  between measured s p e c t r a .  
I n  t h i s  manner a l i b r a r y  of a lpha s c a t t e r i n g  
The t h e o r e t i c a l  considerat ions about t h e  superpos i t ions  
and i n t e n s i t i e s  of t h e  s c a t t e r e d  alpha p a r t i c l e  spec t r a  are  
expected to be even more v a l i d  i n  the  case of the  proton 
s p e c t r a  from (a ,p)  r e a c t i o n s .  T h i s  follows from t h e  h igher  
v e l o c i t i e s  of protons than of a lpha  p a r t i c l e s  of t h e  same 
energy. Because of t h i s ,  t h e  i o n i z a t i o n  energy l o s s e s  of pro tons  
as a func t ion  of energy a r e  more r i go rous ly  only m u l t i p l i c a t i v e l y  
dependent on t h e  na ture  of the  t a r g e t  ma te r i a l .  Moreover, t h e  
(a ,p)  r eac t ions  occur i n  a r e s t r i c t e d  energy range, i n  which 
t h e  dependence of the i o n i z a t i o n  loss cross  s e c t i o n  p e r  atom 
f o r  a lpha p a r t i c l e s  does vary a s  t h e  square root of t h e  mass 
number. These cons idera t ions  are t e s t e d  i n  Figure 18. I n  t h i s  
f i g u r e  t h e  energy i n t e g r a t e d  proton i n t e n s i t y  from s e v e r a l  
compounds having one proton producing element i s  p l o t t e d  as a 
func t ion  of t h e  f r a c t i o n  o f  proton producing nuc le i  divided 
by t h e  average square root  of t h e  mass number of the  medium. 
FIGURE 17 
Alpha s c a t t e r i n g  spectrums f o r  Sodium, Chlorine and Calcium. 
These spectrums have been deduced from compounds containing 
these elements by t h e  methods of t he  d iscuss ion  sec t ion .  
The sodium spectrum i s  derived from the  spectrum o f  sodium 
f luo r ide ;  that  of ch lo r ine  i s  der ived from t h e  spectrum of 
potassium chlor ide;  the spectrum of calcium i s  obtained from 
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Data are presented f o r  sodium, aluminum and s i l i c o n .  The 
p r o p o r t i o n a l i t y  to t h i s  funct ion of concentrat ion i s  seen to 
be adequately obeyed f o r  all three elements.  
I n  these tes t s  of t h e  q u a n t i t a t i v e  a spec t s  of a n a l y s i s  
- - 2  CL 
\ N I L 1 1  alpha particles t h e  welghted  square root sf t h e  XBSS 
number has been used i n  absc issas  i n  Figure 17 and 18. I n  a 
sample o f  unknown composition t h i s  w i l l  be unknown. However, 
t h i s  func t ion  i s  t h e  same for a l l  components of the  same 
material and s o  t h e  r e l a t i v e  amounts of the  d i f f e r e n t  elements 
w i l l  be determined f r o m  the r e l a t i v e  i n t e n s i t i e s  of t h e  
d i f f e r e n t  components compared t o  those  o f  the  pure elements.  
The t h e o r e t i c a l  considerat ions presented above apply 
s t r i c t l y  only to t a r g e t s  t h a t  are  chemically homogeneous. 
S ince  alpha p a r t i c l e s  o f  the energy used i n  t h i s  work have 
ranges of t he  order  of 5-10 mg/cm , t h i s  homogeneity must be 
to a depth of ha l f  t h i s  amount or of  t he  o r d e r  o f  10 microns 
for t y p i c a l  ma te r i a l s .  S imi l a r ly  the  cons idera t ions  apply 
only  t o  material t h a t  i s  homogeneous l a t e r a l l y  ac ross  the face  
of the  t a r g e t .  I n  t h e  case o f  heterogeneous materials t h e  
gross s c a t t e r i n g  and proton spec t r a  w i l l  be appropr i a t e  
averages.  
2 
The e f f e c t  of sur face  smoothness on the s p e c t r a l  shape 
of s c a t t e r e d  alpha p a r t i c l e s  has received some a t t e n t i o n  
(Eskind  and Mark, 1962) .  From geometrical  cons idera t ions  i t  
FIGURE 18 
- ueperidence of priotoil ifitensit)- f r o m  (a,p> reac t iDns  on 
concentrat ion of proton producing element.  Data are 
presented f o r  the i n t e g r a t e d  i n t e n s i t y  of protons from 
sodium, aluminum and s i l i c o n  i n  d i f f e r e n t  substances.  
The absc i s sas  a r e  t h e  atomic f r a c t i o n  o f  t h e  element i n  
the  system divided by t h e  average square roo t  o f  the  
mass number of t h e  system, x./< 6 > ; t he  o rd ina te s  
1 
are a r b i t r a r y  i n t e n s i t y  u n i t s .  The sodium data are 
from samples N a C l  and N a  CO t h e  aluminum and s i l i c o n  
data are from the metal  and the  oxide.  The small 
2 3; 
con t r ibu t ion  o f  protons from ch lo r ine  has not been 








































i s  c l e a r  t h a t ,  a s  the  s c a t t e r i n g  angle  approaches 180°, 
s u r f a c e  i r r e g u l a r i t i e s ,  even on a micron s c a l e ,  should have 
no e f f e c t .  Under the  condi t ions used i n  p r a c t i c a l  instruments  
there has been found no e f fec t  on the  shapes of the  s p e c t r a  i n  
comparing the s p e c t r a  of pol ished metals and f i n e l y  powdered 
exldes. Ir, zdd i t ion ,  a s e r i e s  of experiments have beer, 
performed us ing  A1 0 
The oxygen con t r ibu t ion  i n  t h e  d i f f e r e n t  samples w a s  obtained 
i n  a s tandard fashion,  and was i n d i s t i n g u i s h a b l e  v i s u a l l y .  A 
l e a s t  squares f i t  of the  data  i n  t h e  region of the  oxygen 
endpoint was made to the  func t ion  proposed by Eskind and Mark 
powders of var ious  s i z e s  ( . O 5 - 2 O  microns).  
2 3  
(1962) *
k 
I ( c )  = a ( c - c  
e 
where I ( c )  i s  t h e  i n t e n s i t y  o f  s c a t t e r i n g  measured i n  a channel 
e ,  co i s  the  channel i n  which the i n t e n s i t y  f a l l s  t o  half  its 
p l a t e a u  value,  k i s  a normalization constant ,  and - a determines 
t h e  shape of the  spectrum near co.  
f o r  the  var ious  samples are presented i n  Table 3. 
s t a t i s t i c a l  e r r o r s  t hey  are constant and show no t r e n d  with 
p a r t i c l e  s i z e .  A similarly r igorous t reatment  of t h e  aluminum 
p o r t i o n  of the  s c a t t e r i n g  spec t r a  could not be made because of 
t he  s t r u c t u r e  o f  t h e  spec t r a  and because t h e  samples had 
varying amounts of h igher  Z impur i t i e s .  




TABLE 3. Ef fec t  of P a r t i c l e  S ize  on Shape of  Alpha 
Sca t t e red  Spectrum* 
Average p a r t i c l e  least squares  f i t  
s i z e  of A 1  0 t o  parameter, a, 
powd-er (microns) of Equation 1 2  
2 3  
20 
5 
0 .3  
0.05 
0.20 - + 0.06 
0.15 - + 0.05 
0.16 - + 0.05 
0.19 - + 0.04 
* These da ta  were obtained w i t h  an average s c a t t e r i n g  
ang le  of 160". 
. 
t 
The optimum app l i ca t ion  of t h e  alpha s c a t t e r i n g  technique 
t o  t h e  analysis of complex mixtures obviously r equ i r e s  t h e  
a c q u i s i t i o n  of a l i b r a r y  of alpha and proton s p e c t r a  obtained 
under i d e n t i c a l  geometrical  and e l e c t r o n i c  condi t ions .  A 
complex spectrum i s  then  analyzed e i ther  by success ive ly  pee l ing  
o f f  t he  components containing the h ighes t  energy p a r t i c l e s ,  o r  
by sepa ra t ing  the complex spectrum i n t o  components us ing  a 
computer. 
A s  an i l l u s t r a t i o n  of t h i s  technique Figure 19 presen t s  
t he  alpha s c a t t e r i n g  spectrum ( A )  and proton spectrum (B) 
obtained from p l a t e  g l a s s  i n  the  breadboard instrument .  Figure 
20 shows t h e  r e s u l t  o f  decomposition of t h e  spectrum us ing  t h e  
i o n i z a t i o n  energy l o s s  r e l a t i o n s h i p .  Presented a r e  t h e  
r e s u l t s  of t h e  a n a l y s i s  us ing  only t h e  alpha spectrum, only 
t h e  proton spectrum, and using t h e  r e s u l t s  of both.  Also are 
shown t h e  r e s u l t s  of a spectrographic  a n a l y s i s  of the p l a t e g l a s s  
(oxygen by d i f f e r e n c e ) .  
Figure 20 shows t h a t  the alpha s c a t t e r i n g  spectrum 
determines t h e  most abundant elements - oxygen and s i l i c o n  - 
d i r e c t l y ,  and moderately we l l .  Likewise t h e  calcium i s  
determined adequately by t h e  alpha p a r t i c l e s .  The a lpha 
spectrum does not provide good d iscr imina t ion  between Nay Mg 
and Al. U s e  o f  t h e  information from t h e  proton s p e c t r a  i s  a 
s i g n i f i c a n t  he lp  here ,  a s  expected. 
FIGURE 19 
Alpha s c a t t e r i n g  spectrum ( A )  and proton spectrum (B) 
obtained i n  the Breadboard Instrument from a sample of 
p l a t e  g l a s s .  Calcu la ted  nigh energy endpoints f o r  
major components o f  t h e  g l a s s  are  shown f o r  t h e  a lpha  
s c a t t e r i n g  spectrum; prominent f e a t u r e s  of t h e  pro ton  
spectrum due t o  S i  and N a  are i n d i c a t e d .  The  s p e c t r a  
obta ined  with crushed glass were t h e  same w i t h i n  
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Comparison o f  l ea s t - squa re  computer ana lyses  of a lpha 
s c a t t e r i n g  and proton spec t r a  of p l a t e  glass with a 
conventional a n a l y s i s .  
on ly  the proton-producing elements N a ,  M g ,  A l ,  and S i .  
The conventional a n a l y s i s  gives  oxygen by d i f f e rence .  
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Although t h e  work t o  da t e  on complex mixtures has been 
l i m i t e d  i n  scope, it would appear t o  support  t h e  expec ta t ion  
t h a t  t h i s  technique could give information on t h e  elemental  
composition of su r faces  o f  ma te r i a l s .  The s i m p l i c i t y  of t h e  
- equipment would seem to recommend i t  f o r  instrumented space 
missions.  
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